Using an intragenic complementation screen, we have identified a temperature-sensitive TATA-binding protein (TBP) mutant (K151L,K156Y) that is defective for interaction with certain yeast TBP-associated factors (TAFs) at the restrictive temperature. The K151L,K156Y mutant appears to be functional for RNA polymerase I (Pol I) and Pol III transcription, and it is capable of supporting Gal4-activated and Gcn4-activated transcription by Pol II. However, transcription from certain TATA-containing and TATA-less Pol II promoters is reduced at the restrictive temperature. Immunoprecipitation analysis of extracts prepared after culturing cells at the restrictive temperature for 1 h indicates that the K151L,K156Y derivative is severely compromised in its ability to interact with TAF130, TAF90, TAF68/61, and TAF25 while remaining functional for interaction with TAF60 and TAF30. Thus, a TBP mutant that is compromised in its ability to form TFIID can support the response to Gcn4 but is defective for transcription from specific promoters in vivo.
Transcriptional initiation by eukaryotic RNA polymerase II (Pol II) requires general transcription factors (TFIID, -A, -B, -E, -F, and -H) that nucleate on the TATA promoter element to form the preinitiation complex that is necessary for accurate positioning and initiation by Pol II (for a review, see reference 34) . This process begins with the sequence-specific binding of TFIID, a multiprotein complex composed of TATA-binding protein (TBP) and approximately 10 RNA Pol II-specific TBPassociated factors (TAFs) (reviewed in reference 5). TAFs are a set of phylogenetically conserved proteins found in humans, flies, and yeast, ranging in molecular mass from 15 to 250 kDa (for a recent review, see reference 49). Recruitment of TBP, presumably in the TFIID complex, has been proposed to be a rate-limiting step in formation of the preinitiation complex (6, 8, 25, 26, 60) .
Two distinct mechanisms have been proposed for assembly of the preinitiation complex, depending on the presence or absence of a canonical TATA element (5) . Initiation from a TATA-containing promoter is dependent on strong TBP-DNA contacts for recognition and binding of TFIID to the TATA box. However, for TATA-less promoters, sequence-specific recognition of the core promoter by TBP does not occur, suggesting that TAF-DNA interactions play an important role (5) . In vitro, TFIID but not TBP is able to recognize and support transcription from TATA-less promoters (62) . Moreover, in Drosophila TFIID, specific TAFs have been implicated in making contacts with DNA in sequences overlapping the transcription start site (4, 5, 52) . In addition, mutations that hinder the ability of TBP to recognize a TATA box do not affect transcription from TATA-less promoters even though TFIID is required (29) . Consistent with this, depletion of certain individual yeast TAFs in vivo causes a reduction in transcription from promoters lacking consensus TATA boxes (31, 32) . Thus, it seems that transcription from TATA-less promoters does not depend on strong TBP-DNA interactions but rather depends on TAF-DNA and TAF-TBP interactions.
In addition to their role in TATA-less transcription, TAFs have been implicated in the response to activators. Transcriptional activators function by increasing recruitment and stabilizing the Pol II machinery at promoters (reviewed in references 40, 48, and 53) . In vitro, activators can interact with many components of the transcription machinery, including TBP, TAFs, TFIIA, TFIIB, TFIIF, TFIIH, Pol II, and the SAGA complex (12, 15, 17, 19, 21, 28, 39, 47, 61) . Initial biochemical studies suggested that TAFs function as coactivators required for activator-dependent recruitment of TBP, since TFIID but not TBP could support high levels of transcription in the presence of an activator. Further, it was hypothesized that TAFs can serve as direct targets for activators, because individual TAFs can interact directly with activator proteins (for reviews, see references 5 and 53), and partial TFIID complexes reconstituted from a subset of TAFs can mediate activator-dependent transcription (7) . However, TAFs are not absolutely required for the response to activators in vitro, because activation can occur in reactions lacking TAFs (24, 27, 37, 58, 59) .
In vivo depletion studies indicate that certain individual TAFs are not generally required for response to activators (31, 54) . Instead, depletion of certain TAFs results in specific effects on transcription, depending on the particular TAF targeted. In the case of depletion of TAF130, a loss of transcription from genes lacking a canonical TATA element (31) , from genes encoding small-subunit ribosomal proteins (RPS genes), and from various cyclin genes (43, 55) was observed. The TAF130 dependence of these genes is mediated by the core promoter, not the initiator or the activator binding sites. In mammalian cells, TAF250, the homolog of yeast TAF130, is important for transcription of selected genes, including those involved in cell cycle control (50, 56) . Taken together, these data suggest that TAFs play a critical role in gene-specific as well as TATA-less transcription.
Aside from their role in TFIID, certain TAFs are present in the yeast SAGA and mammalian PCAF histone acetyltransferase complexes (16, 38) . In vivo depletion of TAF61/68, a component of yeast SAGA, indicates that this TAF is neces-sary for normal enzymatic activity but is dispensable for interaction with TBP or activation domains. Furthermore, depletion of TAF17, which is also present in SAGA, has broad effects on transcription in yeast cells (1, 30, 32) . Thus, it seems that TAFs can serve a variety of roles in the transcription process, depending on the complexes in which they reside.
Here we present the characterization of a TBP mutant that is defective for TFIID formation in vivo. Our studies differ from previous in vivo studies in that we analyzed transcription after TFIID disruption which removes multiple TAFs, not after individual TAF depletion. This approach permits the removal of TAFs from TFIID but not from SAGA or other TAFcontaining complexes. We show that TFIID disruption does not prevent the response to acidic activators, but it causes transcriptional defects at certain cell cycle-dependent and TATA-less promoters. These results support previous findings that the TBP-TAF interactions may not be essential for activated transcription in vivo and may instead play a role in gene-specific transcription.
MATERIALS AND METHODS
Yeast strains and DNA constructs. The parental strain of Saccharomyces cerevisiae was BY⌬2 (9) , which contains a deletion of the chromosomal TBP locus covered by a URA3-marked 2.4-kb EcoRI-BamHI genomic fragment of the TBP gene locus containing the Pol III-defective allele in which the codon for phenylalanine at position 155 is replaced by that for serine (F155S). Briefly, the parental strain, which is temperature sensitive (ts), was transformed with a set of TBP mutant libraries generated by regional codon randomization on a TRP1-marked plasmid (11) . Strains that could grow at the restrictive temperature were isolated, the F155S allele was shuffled out by plating to 5-fluoro-orotic acid, and the resulting strains were tested for a ts phenotype. This last step is necessary because wild-type copies of TBP present in the library would also complement the F155S allele by providing Pol III function. Five TBP mutants generated in this screen have been previously described (45, 46) . The sixth mutant is described here and has two substitutions: lysine at position 151 is replaced with leucine, and lysine at position 156 is replaced with tyrosine (K151L,K156Y). The K151L and K156Y single mutants were generated by site-directed mutagenesis by PCR. PCR products were generated and cloned by using an engineered BamHI site in the TBP-coding sequence. The plasmid shuffle technique was used to introduce the single-substitution TBP molecules into yeast. The reporter construct used for the lacZ assays is YCp86-Sc3801 (44) .
Phenotypic analysis. The merodiploid strain (containing both the F155S and K151L,K156Y derivatives), along with wild-type TBP-and vector (pRS316)-containing strains, were grown in the appropriate media. Cells (10-fold serial dilutions) were spotted onto dropout plates lacking the appropriate amino acids (uracil and tryptophan) and incubated at the indicated temperatures. For the Pol I assay, the plasmid PNOY103 (36) or vector (pRS316) was transformed into the both K151L,K156Y TBP-and wild-type TBP-containing strains and colony purified on 2% galactose-containing dropout medium lacking uracil and tryptophan. Cells were then spotted onto galactose-containing medium and incubated at the indicated temperatures. Growth assays of both wild-type TBP-and K151L, K156Y TBP-containing strains were performed as described above.
Transcriptional analysis. In most cases RNA analysis was done by quantitative S1 nuclease analysis with approximately 30 to 75 g of RNA (20) . In the temperature shift experiments, cells were heat shocked for 15 min, returned to 30°C for 1 h, and then shifted to 38°C for 1 h. Total RNA prepared by hot-phenol extraction was quantitated by A 260 . For 3-aminotriazole (AT) induction done at the permissive temperature, strains were grown overnight in synthetic complete medium in the presence or absence of 15 mM AT. Activation competency under the restrictive conditions was investigated by growing the cells overnight in synthetic complete medium, and the restrictive-condition protocol described above was performed. After the 1-h incubation at 38°C, 15 mM AT was added and the cells were incubated for an additional hour at 38°C. The probes used in the RNA analysis are listed in the figure legends. The RNA amounts in each reaction mixture were normalized to the RNA levels obtained from a probe to the intron of the tryptophan tRNA gene (tRNA W ). Immunoprecipitation and immunoblotting. Strains were grown to log phase (optical density at 600 nm ϭ 0.1 to 0.2) at 30°C and then subjected to a 1-h heat shock as described above. Cells were harvested before and after the heat shock, and whole-cell extracts were prepared by glass bead lysis in 450 mM Tris-acetate (pH 7.8)-150 mM potassium acetate-60% glycerol, 3 mM EDTA (pH 8.0)-3 mM dithiothreitol-1 mM phenylmethylsulfonyl fluoride (33) . Immunoprecipitations were performed as described previously (33) , except that 240 g of extract was used in the immunoprecipitation reaction. Antigen-antibody complexes were recovered by centrifugation and washed four times with 1 ml of buffer A containing 125 mM potassium acetate and 1% Nonidet P-40 (Sigma). Samples were boiled in 1ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer, and proteins were separated on either 7.5 or 12% gels and electroblotted to nitrocellulose. Antibody reactions were performed by standard techniques, and blots were developed by using chemiluminescent detection according to the recommendations of the manufacturer (Pierce). TBP antibodies used in both the immunoprecipitations and Western blots were generated in rabbits by Cocalico Biological (Reamstown, Pa.) with purified recombinant TBP. Yeast TAF antibodies used for immunoblot analysis were kindly provided by Michael Green.
RESULTS
Isolation and characterization of a TBP mutant that complements a Pol III defect. An intragenic complementation screen was used to isolate ts TBP mutants that are functional for Pol III transcription at the restrictive temperature, thereby eliminating any mutants that are structurally compromised under the restrictive conditions. Complementation depends on the ability of two ts TBP mutants, each of which confers a different functional defect, to support cell viability when they are present in the cell at the same time (10) . Six ts mutants were isolated from this screen, five of which have been previously characterized and shown to be activation defective at the permissive temperature (45, 46) . Here we describe the final TBP mutant, in which the lysine at position 151 is changed to leucine and the lysine at position 156 is changed to tyrosine (K151L,K156Y).
In keeping with the criteria of the screen, the K151L,K156Y derivative is a ts mutant of TBP that is able to complement the growth defect of TBP-F155S, a TBP mutant that is defective for Pol III transcription at the restrictive temperature (Fig.  1A ). Substitutions at both lysine 151 and lysine 156 are required to produce the ts phenotype, because the single substitutions support efficient cell growth at the restrictive temperature (Fig. 1B) . As expected, the K151L,K156Y derivative can also complement, albeit to lower levels than wild-type TBP, the molecular defect (i.e., the loss in transcription by Pol III) caused by the F155S allele (Fig. 1C) .
To determine if a loss of Pol I transcription was the cause of the ts phenotype conferred by the K151L,K156Y mutant, we utilized a plasmid-based system in which the rRNAs are synthesized from a Pol II promoter (36) . Briefly, a construct containing the 35S rRNA gene under the control of a Pol II, galactose-inducible promoter is able to rescue the growth defect (inviability) of a mutant that is lacking the largest subunit of Pol I. If the K151L,K156Y derivative is strictly defective for Pol I transcription, then this Pol II-driven rRNA transcript should rescue the ts phenotype when the cells are cultured in galactose-containing medium. However, the presence of the construct causes no change in viability at the restrictive temperature (Fig. 1D) . Transcription of rRNA by Pol I was also examined directly (Fig. 1E) . Steady-state levels of an unstable portion of the rRNA transcript were twofold lower under the permissive conditions in the K151L,K156T strain than in the wild type. It should be noted that under these conditions (permissive), the K151L,K156Y strain grows indistinguishably from the wild-type strain. A slight decrease (1.5-fold) in the level of the rRNA transcript was observed in the K151L,K156Y strain after the 1-h temperature shift. Since these changes were relatively minor (especially compared to the more dramatic changes described below), and taken together with the results with the Pol II-driven rRNA construct, this suggests that the ts phenotype is not due strictly to a defect in Pol I transcription.
Molecular modeling of lysine 151 and lysine 156 on the TBP-TATA cocrystal structure indicates that both residues are located on the upper surface of TBP and exposed to the solvent (Fig. 2) . Consistent with this, gel shift experiments indicate that the K151L,K156Y derivative and wild-type TBP bind the TATA element with comparable affinities (data not shown).
In addition, the mutations map to a surface that is distinct from the surfaces that directly interact with TFIIA and TFIIB (13, 35, 51) .
The K151L,K156Y mutant is functional for the response to acidic activators at the permissive temperature. Since the five TBP mutants previously characterized from this complementation screen exhibit activation defects at the permissive temperature (45, 46) , we determined whether the K151L,K156Y derivative could respond to acidic activators in vivo. The K151L,K156Y mutant strain grows robustly under conditions that require functional interactions with a number of different acidic activators (Fig. 3A) , suggesting that the mutant allele is competent for activated transcription. The response to Gal4, which activates transcription in the presence of galactose, was assayed by using the lacZ reporter YCp86-Sc3801 (44) . In the presence of galactose, the wild-type strain produced 430 Ϯ 30 U (mean Ϯ standard deviation) of ␤-galactosidase activity. Similarly, the K151L,K156Y strain produced 425 Ϯ 20 U of activity. (Activities for culturing in glucose were Ͻ1 U for both strains.) Thus, the response to Gal4 conferred by the K151L, K156Y mutant is indistinguishable from the response conferred by wild-type TBP. We also observed that the K151L, K156Y derivative is responsive to the activator Gcn4. Cells grown in the presence of AT, a competitive inhibitor of the 3 . The K151L,K156Y mutant is functional for activated transcription at the permissive temperature. wt, wild type. (A) Strains were spotted on plates containing the media indicated at the density shown, followed by incubation at 30°C. Yeast extract-peptone-dextrose (YPD) is used as a growth rate indicator on rich media. Growth on 15 mM AT, galactose, and CuSO4 requires functional interactions with the Gcn4, Gal4, and Ace1 transcription factors, respectively. (B) Analysis of Gcn4-dependent activation of HIS3 transcription. Constitutive HIS3 expression initiates equally from both the ϩ1 and ϩ13 start sites, whereas Gcn4-activated transcription is mediated primarily through the ϩ13 initiation site. Strains were grown to log phase in synthetic complete medium in either the presence (ϩ) or absence (Ϫ) of 15 mM AT. Total RNA (30 g) was hybridized with 100-fold excesses of HIS3 and DED1 probes and then subjected to S1 nuclease digestion. The DED1 transcript is not affected by AT and is used as a loading control in this experiment.
VOL. 19, 1999 TBP MUTANT DEFECTIVE FOR TFIID FORMATIONHIS3 gene product that results in activation of the HIS3 gene, showed wild-type levels of HIS3 transcription (Fig. 3B) . Thus, the K151L,K156Y mutant is functional for activated transcription at the permissive temperature. The K151L,K156Y mutant is defective for transcription from certain Pol II promoters. We next compared the transcriptional profiles of wild-type TBP and the K151L,K156Y derivative at the restrictive temperature. After a 1-h incubation at the restrictive temperature, there was a significant reduction in message accumulation of the HIS3 (both the ϩ1 and ϩ13 transcripts), CMD1, MOT1, and RPS4 genes (Fig. 4A) . DED1 mRNA levels also decreased (slightly less than twofold). In contrast, levels of the ADH1, PGK1, ENO2, HTA2, and FUR1 messages were not affected at all. It should be noted that the apparent half-life of each of these messages is in the range of 10 to 22 min (18) , with the exception of the CMD1 message, which has an apparent half-life of 41 min. Since CMD1 was one of the transcripts that decreased in the mutant strain after the 1-h temperature shift, this longer half-life is evidently not an issue.
Can we discern a pattern in the subset of the genes that are very sensitive to the K151L,K156Y substitution under the restrictive conditions? Interestingly, the promoters that are sensitive appear to have transcription rates prior to the temperature shift that are lower than those of promoters that are unaffected. Based on relative RNA levels from our quantitative S1 analyses, the HIS3, MOT1, and CMD1 genes are fairly weakly transcribed. As a frame of reference, the absolute number of HIS3 messages has been calculated to be around seven messages per cell (20) . Also, this set of promoters that are sensitive to the K151L,K156Y substitutions includes a TATAless promoter, in that the HIS3 ϩ1 transcript is decreased in the mutant background under the restrictive conditions. Thus, it may be that weaker promoters have a greater requirement for the factor(s) that is defined by the K151L,K156Y mutant. In contrast, the promoters that are insensitive to the K151L, K156Y mutant exhibit relatively high levels of transcription. For example, ADH1, ENO2, and PGK1 messages are estimated to be present at approximately 50 copies per cell (18) . The only exception is the RPS4 gene, which is a highly active gene yet shows a loss of transcription in the K151L,K156L strain under the restrictive condition.
Defects in the transcription of RPS genes and in ϩ1 transcription of the HIS3 gene have been observed after in vivo depletion or inactivation of TAF130 (31, 43) . This suggested that the K151L,K156Y mutant may be defective for interaction with TAF130. To determine how closely the molecular phenotype of the K151L,K156Y derivative corresponds to that of depletion of TAF130, we analyzed other genes known to be dependent on TAF130 for transcription.
The K151L,K156Y derivative is defective for transcription of cyclin genes. Previous TAF depletion experiments demonstrated that certain cell cycle genes require TAF130 for transcription. We analyzed two cell-cycle-regulated genes (CLN2 and PCL1), previously shown to be dependent on TAF130, and a non-cell-cycle-regulated gene (CLN3), shown to be independent of TAF130 inactivation (55) . Northern blot analysis revealed that messages for all three genes (CLN2, CLN3, and PCL1) were not detectable at the restrictive temperature in RNA isolated from the K151L,K156Y strain (Fig. 4B ). In contrast, ADH1 message amounts remained constant after the temperature shift. Thus, the fact that CLN3 message amounts were affected in the K151L,K156Y strain but not by inactivation of TAF130 indicates that the transcriptional defects are overlapping but not identical. The CLN3, CLN1, and PCL1 messages are each expressed at fairly low levels (predicted message abundance of around one message per cell [reference 18 and citations therein]). Due to the similarities to the TAF130 depletion transcription profile, we next ascertained the ability of the K151L,K156Y TBP mutant to form TFIID.
The K151L,K156Y mutant is defective for TFIID complex formation. Immunoprecipitation experiments were done to check the integrity of TFIID in the strain harboring the K151L, K156Y mutant. Whole-cell extracts were prepared from mutant and wild-type TBP-containing strains at both the permissive and restrictive temperatures, and antibodies against TBP were used to immunoprecipitate TFIID. Immunoblot analyses of the precipitated complexes with various TAF antibodies indicate that the K151L,K156Y derivative is competent for interaction with all of the TAFs tested at the permissive temperature (Fig. 5) . In contrast, after incubation for only 1 h at the restrictive temperature, TFIID isolated from the K151L, K156Y strain lacks detectable amounts of TAF130, TAF90, TAF68/61, and TAF25. It should be noted that although these FIG. 4 . Transcriptional analysis of the K151L,K156Y strain under restrictive conditions indicates defects for a collection of Pol II-transcribed genes. (A) Mutant and wild-type (wt) TBP-containing strains were grown to log phase and shifted to the restrictive temperature for 1 h. Total RNA isolated before and after the temperature shift was hybridized with a 100-fold excess of the indicated probe and treated with S1 nuclease; tRNA W served as a loading control. The promoter for the ϩ1 transcript from the HIS3 gene is considered TATA-less, while the promoter for the ϩ13 transcript from the HIS3 gene contains a canonical TATA element. The promoters of the other genes tested (MOT1, CMD1, RPS4, ADH1, PGK1, DED1, ENO2, HTA2, and FUR1) have recognizable TATA elements within 250 bp of their translation start sites. The functional relevance of many of these elements is not currently known. (B) Analysis of cyclin genes at the restrictive temperature. Total RNAs from the indicated strains grown at 30°C and for 1 h at 38°C were blotted to nylon membranes and subsequently hybridized with the indicated cyclin probes. ADH1 served as a loading and transfer control.
TAFs are no longer associated with TBP, they remain detectable in the whole-cell extract and hence are likely to be present in SAGA and other TAF complexes. Surprisingly, TAF60 and TAF30 are still associated with TBP even in the absence of the other TAFs. Thus, at the restrictive temperature, the K151L, K156Y TBP mutant exhibits impaired interactions with some TAFs, while interaction with other TAFs remains intact. To our knowledge, this is the first yeast TBP mutant described that is defective for selective TAF interactions and that is capable of forming partial TFIID complexes in vivo. It should be noted that immunoblot analysis with other TAF-directed antibodies (TAF40, TAF17, and TAF170) was attempted, however, these antibodies lacked sufficient titers to detect the corresponding yeast proteins in either the whole-cell extract or the enriched fraction after immunoprecipitation.
The K151L,K156Y mutant supports activated transcription under conditions in which TBP-TAF interactions are compromised. Depletion or inactivation of certain individual TAFs does not affect activated transcription in yeast cells (31, 54) . We wished to test whether the K151L,K156Y derivative, which is defective for multiple TAF interactions, is capable of Gcn4-dependent activation of HIS3 transcription at the restrictive temperature. Thus, cells were incubated for 1 h at the restrictive temperature, and then AT was added and the cultures were allowed to incubate for an additional hour. In the absence of AT, HIS3 transcription is not detected at the restrictive temperature ( Fig. 4A and 6 ). However, in the presence of AT, the mutant TBP is able to activate transcription to significant levels (Fig. 6) . Thus, although the K151L,K156Y mutant is significantly compromised for interactions with TAF130, TAF90, TAF68/61, and TAF25, this TBP mutant is still competent for the response to the Gcn4 acidic activator in vivo.
DISCUSSION
The K151L,K156Y derivative of TBP is defective for TFIID formation. We have characterized a ts TBP mutant (K151L, K156Y) defective for TFIID formation in vivo. Substitutions at both lysine 151 and 156 are required for the ts mutant phenotype. Unlike other TBP mutants isolated in this screen (45, 46) , the K151L,K156Y derivative is responsive to acidic activators at the permissive temperature. Analysis of transcription from Pol II promoters reveals that a subset of TATA-containing genes, as well as several TATA-less genes, are affected at the restrictive temperature. However, the mutant TBP is capable of Gcn4-dependent activation of HIS3 transcription. The transcriptional defects overlap with, but are not identical to, the defects observed for depletion of TAF130 (31, 43, 55) . Immunoprecipitation of TBP and its associated factors under the restrictive conditions indicates that although the K151L, K156Y protein is functional for interaction with TAF60 and TAF30, interactions with TAF130, TAF90, TAF68/61, and TAF25 are severely compromised. Because this mutant disrupts only TFIID, leaving SAGA and other potential TAF complexes intact, it provides new information about how TAFs may function in vivo.
Loss of certain TAFs results in promoter-specific defects. Transcriptional analysis of the K151L,K156Y mutant reveals specific gene defects under conditions of partial TFIID disruption, suggesting that the corresponding promoters are dependent on the TAFs in TFIID for transcription. A subset of these genes (PCL1, CLN2, and the RPS genes) have already been shown to be dependent on TAF130 for transcription (43, 55) . Therefore, we would expect them to be affected, as the mutant TBP is defective for interaction with TAF130 at the restrictive temperature. The other promoters affected (CMD1, MOT1, HIS3 ϩ1, and CLN3) exhibit fairly low levels of transcription, providing evidence for a correlation between the requirement for certain TAFs and the transcription of weaker promoters. In addition, the HIS3 ϩ1 promoter exhibits TATA-less features. In higher eukaryotes, TAFs and/or TFIID are critical for in vitro TATA-less transcription (62) . Presumably, weak TATA elements need the additional promoter-TAF contacts, as TBP alone is unable to recognize and support transcription from TATA-less promoters. This notion has also been supported by previous in vivo studies, in which depletion of certain individual TAFs causes a decrease in transcription from two genes transcribed from TATA-less promoters (31, 32) . We FIG. 5 . TFIID is disrupted in the K151L,K156Y strain. Coimmunoprecipitation of TFIID from both mutant (K151L,K156Y) and wild-type (wt) TBPcontaining strains is shown. Strains were grown to log phase and shifted to the restrictive temperature for 1 h. Whole-cell extracts were prepared before and after the temperature shift, and TFIID was immunoprecipitated with anti-TBP antibodies (␣-TBP) coupled to protein A-Sepharose beads. The immunoprecipitated (IP) complexes were separated with either a 7.5 or 12% acrylamide gel and electroblotted to nitrocellulose. Blots were first probed with anti-TBP antibodies to serve as an internal control. Blots were then stripped and reprobed for the indicated TAF antibodies. The load represents 1/10 of the input in the IP lanes. FIG. 6 . Maintenance of activated transcription by Gcn4 under the restrictive conditions in the TFIID-disrupted mutant TBP strain. Strains were grown to log phase in synthetic complete medium, and cultures were shifted to the restrictive temperature for 1 h. Cells were then grown for an additional hour in the presence (ϩ) or absence (Ϫ) of 15 mM AT, and total RNA was analyzed for HIS3, DED1, and tRNA expression by S1 analysis. wt, wild type.
have found a strong positive correlation between the loss of interaction with multiple TAFs and transcription from weaker promoters, in that the K151L,K156Y mutant is defective for the TATA-less promoters tested as well as other weak promoters at the restrictive temperature.
Certain genes are unaffected in the TFIID-disrupted mutant strain. There are some genes that are not affected in the K151L, K156Y mutant strain under the restrictive conditions (ADH1,  PGK, ENO2, HTA2, and FUR1) . There are at least two possible mechanisms for transcription from these promoters. The first is that transcription from these genes is independent of the loss of the particular TAFs in the context of TFIID. It may be that the unaffected promoters are dependent on the TAFs that remain associated with the TBP mutant or that TBP is sufficient for expression. The second possible mechanism, based on the premise that TAFs are necessary for transcription, is that unaffected promoters can engage the TAFs in an alternate manner that does not involve TFIID. This model is supported by the observation that TAFs exist in at least one other complex (16, 38) .
Interestingly, we have observed one promoter that switches from being defective under TFIID disruption conditions to being functional. At the restrictive temperature, the K151L, K156Y mutant is defective for transcription from the HIS3 promoter, indicating dependence on the missing TAFs. Yet, under conditions of activated transcription by Gcn4, the activity of this promoter is largely independent of the loss of the particular TBP-TAF interactions. It may be that Gcn4 is able to recruit TBP to the promoter, consequently bypassing the dependence on the TAF-TBP interactions observed under the nonactivated conditions. In this scenario, the TAFs in TFIID are not required for activated transcription. Recruitment of TBP by Gcn4 could be direct or could be indirect via interactions with the holoenzyme mediator complex or the SAGA complex. In accord with this model, Gcn4 is able to interact with some of the holoenzyme mediator complex components, as well as with the SAGA complex (12) . Moreover, artificial recruitment of members of the holoenzyme mediator complex can activate transcription, indicating that this complex is able to target TBP to a promoter (40) . An alternate hypothesis is that the missing TAFs are required for transcription and that by interaction with several redundant targets, the effect of Gcn4 is to stabilize the mutant TFIID complex on the promoter. In a related model, these TAFs are required and necessary, although not as components of the TFIID complex. Thus, the critical TAFs could be supplied to the promoter via an alternate TAF-containing complex. The finding that Gcn4 is unable to interact with purified TFIID (12) suggests that if TAFs are a target of Gcn4, then this activator is likely to interact with the TAFs in the context of the SAGA complex and not in the context of the TFIID complex.
Multiple TFIID complexes versus partial TFIID complexes. TAF130 is the only yeast TAF that has been shown to contact TBP directly (3, 41) , and it is thought to serve as a scaffold for TFIID complex formation. In addition, a ts allele of TAF130 that is rapidly degraded when shifted to the restrictive temperature causes the subsequent degradation of two other yeast TAFs (TAF90 and TAF61/68), while the levels of TAF60 and TAF47 remain unchanged (54) . This concomitant degradation suggests that some TAFs are regulated by being part of a TFIID complex, and it is consistent in part with the idea that TAF130 is needed for the overall stability of TFIID. It also suggests the possibility that the TAFs not degraded may exist in a separate TFIID complex not dependent on TAF130 for stability. It should be noted that similar patterns of degradation are seen when other yeast TAFs are depleted (54) .
The TBP mutant described in this paper is defective for interaction with TAF130, TAF90, TAF68/61, and TAF25 but is functional for interaction with TAF60 and TAF30. Although many TBP-TAF interactions have been reported for both human and Drosophila TFIIDs, little is known about the TBP-TAF interactions in yeast. Both human TAF70 and Drosophila TAF60/62, the homologs of yeast TAF60, interact with TBP directly (57); thus, it seems likely that TAF60 does contact TBP. More directed experiments, however, are needed to determine if the immunoprecipitated complex represents the remnants of a partially disrupted TFIID complex or a subcomplex that is not affected by the temperature shift. Nevertheless, our studies suggest that these particular TAFs are not dependent on the scaffolding function provided by TAF130 for TFIID formation, perhaps due to direct interactions between TBP and TAF60 and/or TAF30.
Role of TAFs in activated transcription. Interactions between isolated TAFs and activator proteins occur in vitro, suggesting that TAFs might function as coactivators (53) . Furthermore, artificial recruitment of TAFs can bypass the need for an activation domain in vivo (2, 14, 22) , and reconstituted TFIID subcomplexes containing only a few TAFs can mediate activated transcription in vitro (42) . However, the view that TAFs are required for activated transcription has been challenged by the finding that inactivation (depletion) of single TAFs does not affect the response to many acidic activators in yeast (31, 54) . We have expanded these results by demonstrating that a TBP mutant defective for interaction with multiple TAFs remains responsive to the acidic activator Gcn4. The discrepancy between the in vivo and in vitro observations may reflect the redundancy of activator targets in vivo (48) .
It appears that in vivo yeast TAFs have developed specialized roles at promoters, perhaps in addition to serving as potential targets for activators. Interestingly, lysines at position 151 and 156 are conserved from yeast to higher eukaryotes. This sequence conservation is likely to reflect functional conservation. This strongly suggests that these residues may also contribute to important TBP-TAF interactions in human TFIID.
